Abstract-The ability of activated leukocytes to retract pseudopods in response to fluid shear stress may be a critical mechanism to downregulate inflammation and maintain stable circulation. By measuring earlier indicators of leukocyte activation such as L-selectin shedding and β2 integrin activation, which precede morphological changes, we have found that exposure to physiological levels of fluid shear stress makes neutrophils more resistant to activation via the formyl peptide receptor (FPR), a chemoattractant G-protein coupled receptor (GPCR). After exposure to uniform shear stress in a cone-andplate viscometer, primary human neutrophils showed a significant reduction to both β2 integrin activation and L-selectin shedding in response to a 0.5 nM concentration of formylmethionyl-leucyl-phenylalanine (fMLP). Neutrophil resistance to activation was shown via flow cytometry to be shear stress dosedependent, with neutrophil resistance to increasing from 0.1-4.0 dyn/cm 2 . Overall, neutrophils acquired a fluid shear stressinduced resistance to activation via FPR. Control of this receptor activity may enhance leukocyte circulation in the bloodstream. This work may also serve as an example for other GPCR mechanosensing phenomena.
I. INTRODUCTION
The adhesion of leukocytes to the microvasculature plays an important role in the inflammatory response and lymphocyte homing to lymphatic tissues [1] . The initial step of the leukocyte adhesion cascade involves the capture and rolling of leukocytes on the endothelial cell layer, with L-selectin acting as an important mediator on the leukocyte surface [2] . The firm adhesion of neutrophils to endothelial cells in the vasculature is mediated via intracellular adhesion molecule-1 (ICAM-1) on endothelial cells binding to β2 integrins on neutrophils [3] . The downregulation of L-selectin, along with the active conformational change of β2 integrins leading to the exposure of the CBRM1/5 domain, are key indicators of neutrophil activation [4] . Stimulus by fMLP, which binds to the formyl peptide receptor (FPR) on neutrophils, has shown to lead to a downregulation of L-selectin and β2 integrin conformational changes [5] .
FPR is a chemoattractant G-protein coupled receptor that exhibits high constitutive activity [6] . In the presence of fluid shear stress, neutrophils rapidly retract lamellipodia, assume a round resting state, and decrease GPCR constitutive activity [7] . Neutrophils treated with pertussis toxin, a Gi inhibitor, significantly attenuated the pseudopod retraction response, demonstrating the role of GPCR activity changes due to fluid shear stress [8] . Transfection of cDNA for FPR into a cell lines led to the projection of pseudopods, which then retracted after exposure to fluid shear stress [8] . FPR depletion via siRNA delivery in differentiated HL60 cells also significantly reduced fluid shear stress-induced pseudopod retraction [8] .
While the ability of leukocytes to retract pseudopods in response to fluid shear stress has been documented, a variety of morphological responses have been obtained. The effect of fluid shear stress on earlier indicators of activation, such as Lselectin shedding and β2 integrin activation, has not yet been described. Here, we examined the dynamics of the shear stress dependent response of fMLP-induced L-selectin shedding and β2 integrin conformational change in neutrophils.
II. MATERIALS AND METHODS
Human peripheral blood was obtained from healthy, consenting donors. Neutrophils were isolated from blood using a centrifugation method that creates a density gradient to separate blood cell types. Neutrophils were extracted and washed, and any remaining red blood cells were lysed.
Neutrophils were sheared using a cone-and-plate viscometer, allowing for a uniform shear stress to be applied to the entire sample. To maintain a constant shear rate while varying the shear stress, the medium viscosity was varied by adding dextran polymer to the medium. Static and sheared neutrophils were immediately exposed low concentrations of fMLP or interleukin-8 (IL-8).
Neutrophils were labeled with anti-L-selectin and CBRM1/5 antibodies to quantify receptor expression via flow cytometry. Unlabeled neutrophils were fixed and imaged by bright field and microscopy. Images were thresholded using edge-detection functions in Metamorph. Changes in neutrophil shape were determined using the 'shape factor' program in Metamorph. Flow cytometry and shape factor data were plotted and analyzed statistically when appropriate, with a two-tailed paired t-test used for comparisons between two groups with p < 0.05 being considered significant.
III. RESULTS

A. Fluid shear stress reduces fMLP-induced L-selectin shedding and β2 integrin activation in neutrophils
Neutrophils were exposed to 0 or 4 dyn/cm 2 of fluid shear stress in a cone-and-plate viscometer for 2 h at 23°C, followed by stimulation with or without fMLP. Neutrophils exposed to 0 (Fig. 1A) and 4 dyn/cm 2 of fluid shear stress did not show appreciable differences in L-selectin shedding and β2 integrin activation as expected. However, neutrophils exposed to fMLP after fluid shear stress (Fig. 1C) showed a measurable reduction in L-selectin shedding and β2 in compared to neutrophils exposed to fMLP a static conditions (Fig. 1B) . As a control that i sense fluid shear stress, neutrophils were exp conditions followed by stimulation with IL exposed to 0 (Fig. 1D) 
B. fMLP-induced L-selectin shedding an activation in neutrophils is fluid shear stress d
Neutrophils were exposed to shear stre dyn/cm 2 for 2 h to assess the shear stress response. At low shear stresses of 0.10 and 0 significant difference in L-selectin shedding activation was observed between cells expos cells exposed to no shear, while a shear stress yielded a significant reduction in selectin she and integrin activation (Fig. 2B) 
IV. DISCUSSION
Resistance to activation was gained by n exposure to shear stress at increasin Interestingly, we found this resistance to be at stress magnitude of 0.75 dyn/cm 2 , which is v 0.5 dyn/cm 2 minimum level of shear stress pseudopod retraction, which is also believed t formyl peptide receptor [7] . This resistance c intracellular mechanism in the fMLP pathw events that may change the distribution of F change in the receptor conformation caused by Shear stress has also been shown to neutrophils to be internalized to perinuclear co Based on the shear stress response neutrophil redistribution of FPR followed by internalizat the effects of fMLP on L-selectin shedding an Fig. 2A) posure to fMLP. 2 showed an even and β2 integrin neutrophils after ng magnitudes. ttained at a shear very close to the found to induce to act through the can be due to an way, extracellular FPR, or due to a y shear stress.
cause FPR on ompartments [9] . ls have gained, a tion may dampen nd β2 integrin ctin and β2 integrin s for 2h show little to static neutrophils 2 of shear for 2 h then electin shedding and c (D) and shear (E) erences in expression. activation. Since fMLP is know shedding and β2 integrin activatio on the surface could lessen these su occuring.
V. CONCLU
The results from this study sug receptors may play a significant circulating neutrophils. The resis dependent on shear stress magnitud studies on mechanotransduction in focused on morphological changes earlier indicators of activation, spe selectin shedding and β2 integrin ac there is much more work to be d complete mechanosensing respons signaling pathways of these recep further, and other GPCRs with hig also need to be investigated to contribution to the mechanosen neutrophils. 
